-ivrelease due to gas phase reac·tion was present. This was characterized by local increases in temperature across the boundary layer and an increase in thermal boundary layer thickness. Comparisons with numerical calculations based, on a surface reaction model which included finite rate surface oxidation of H2 and radical recombination indicated .
q'ualitativeagreement in general boundary layer behavior, but the predicted gas phase heat release rate was considerably higher than found experimentally.
INTRODUCTION
Interest in the use of catalytic surfaces to promote conbustion reactions has increased greatly over the past several years. A number of studies have been undertaken which indicate that catalytically supported combustion makes efficient burning of a variety' of fuels possible under fuel lean conditions with a substantial reduction in NO x 'levels. [1, 2] While initial emphasis was 'based on the use of catalytic combustors for aircraft gas turbine application [1, 3] its potential application to stationary power 'sources has also been studied with favorable results. [4] Much of the work to date has involved parametric investigations of prototype catalytic combustor configurations. Such work is necessary to the development of practical catalytic combustors and the results have been quite promising. However, such studies are somewhat limited in terms of deriving a more fundamental understanding of catalytically supported combustion. Two such areas where a greater knowledge would be desirable are the role of internal heat and mass transfer in the catalytic combustion process, and the role of homogeneous as opposed to catalytic surface reactions. An understanding of these and related processes such as pollutant generation is necessary for the optimum evaluation and application of the surface catalysis concept to practical combustion system design. The experimental study has concentrated on the use of three optical diagnostic techniques for boundary layer measurements. These are laser Doppler velocimetry, Rayleigh scattering, and differential interferometry. Optical diagnostic techniques were used because they are non-perturbing to the flow and provide good time and spatial ,resolution.
Laser Doppler velocimetry was used for the measurement of the boundary layer velocity distribution primarily to determine if the experimental system does provide a good approximation to an idealized flat 'plate flow. Both differential interferometry and Rayleigh scattering were used to obtain boundary layer density profiles. The advantage of a flow visualization method such as interferometry is that a relatively rapid study of boundary layer behavior under combustion conditions is possible. Rayleigh scattering was then used for a more detailed investi'-gation'of the boundary layer structure under those conditions of greatest interest.
In the remainder of this paper the experimental facility and diag-' nos tics are described, and results are presented for the flow ,of chemically reacting H 2 /air mixtures over a heated platinum catalytic surface. The experimental results are compared with numerical calculations based on a detailed kinetic mechanism for gas phase reactions and a simplified .~ .
-3-model for surface reaction which includes finite rate surface oxidation 6f H2 to H 2 0 and radical recombination. Details of the numerical calculations and the effect of various surface reaction models are presented in the following paper [5] , hereafter referred to as II. Aluminum oxide 'particles of nominally 2.0 micron diamter are introduced into the air supply prior to the stagnation chamber. The particl~s are suspended in water and dispersed into droplets by a collision type atomizer.
Rayleigh Scattering
Rayleigh scattering refers to the elastic scattering of light fro~ gas molecules [7] . The intensity is proportional to the gas density and gives approximately the same information as an interferometric measuremen~ of gas density. The principal advantages river interfero~etric techniques [8] is that the density at a single point is measured rather than integrated along the optical path. A further advantage is that with moderately powered lasers the intensity is sufficient to provide adequate time resolution and signal-to-noise ratio for studying turbulent reacting flows [9] .
The Rayleigh scattering is measured at right angles to 'the focussed .. \ ' ,.
,.
-7-such that all the rays from the lens fall onto the photomultiplier, an RCA type 1P28. The output cur'rent of the photomultiplier is measured using a Keithley electrometer. For this system the expected photoelectron counting rate can be estimated [9] and should be about 107 counts/s for air at room temperature. The observed signal-to-noise ratio is consistent with this signal level. To minimize surface scattering a series of spatial filte:rs are used to"clean up" the laser beam in addition to the bend on the center of the plate.
Differential Interferometer
To study the changes in the flow pattern as a function of variations in operating parameters, differential interferometry was used to visualize the flow field. This technique is based on the interference of tl,olO beans passing through adjacent points in the test space. Creeden [10] has shown that in this situation, the fringe displacement is proportional to the derivative of the index of refraction, rather than to the index ot refraction as in the case of a conventional interferometer. Since the index of refraction is linearly proportional to the density, the fringe displacement is proportional to the density gradient in the test space provided that all other index of refraction fields albng the optical path are negligible.
A schematic of the optical arrangement is shown in Fig. 3 To obtain density or temperature profiles across the boundary layer, the fringe displacement is measured directly from the inter~erograms.
Nu~erical integration of the area under the fringe displacement-curves then gives the difference between the density of the gases in the free stream (Pro)' and the local gas density. The corresponding temperature profiles are obtained using the ideal gas law. Details of the analysis procedure can be found in ref. 11.
.'
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RESULTS AND DISCUSSION

No Combustion
A series of initial measurement were taken in the boundary layer of an unheated plate and a heated plate with no fuel addition to characterize the flowfield and verify the numerical calculations.
Velocity measurements in the case of the unheated plate showed excellent agreement with the Blausius profile [12] . Velocity profiles for a heated plate are shown in on,the computer program described in II [5] . Agreement between the experimental and predicted profiles is within 3%.
When the plate was heated it was found that the particles added to the flow for the LDV measurements moved away from the surface of the plate. Thus, as can be seen in Fig. 5 , no velocity measurements could be made in the region of the thermal boundary layer closest to the plate. A detailed investigation, both experimental and computational, of the particle motion has been carried out and it appears that the particle motion is due to a thermophoresis effect. Preliminary results can be found in [13] ; a final publication is in preparation.
Rayleigh scattering density measurements were used to calculate the boundary layer temperature profiles. Typical results are shown in In this case the heat release rate due to gas phase combustion is sufficient to result in an increase in local gas temperature across the boundary layer and a reduced temperature gradient at the surface.
It should be noted that the temperature profiles obtained from the interferograms are only approximations to the actual profiles measured -11-with Rayleigh scattering and predicted by the numerical calculations.
This can be attributed to experimental error, and to various assumptions made in the analysis [10] . As can be seen in Fig. 7 the interferograms do, however, provide the information needed to distinguish between various stages of gas phase reaction. Further analysis of the data over a range of conditions shows that the existence of gas phase combustion in the boundary layer depends on mixture composition, surface temperature, and distance from the leading edge.
The conditions under which various'stages of gas phase combustion are present are summarized in Fig. 8 . These results are based on the analysis of interferometer data taken at a distance of 50 mm downstream from the plate leading edge. At distances greater than this fluctuations in the jet mixing layer beCOlne a significant source of disturbance to the boundary layer. If the plate temperature is not sufficiently high or if the gas mixture is very lean, then the gas phase reaction rates are low and little heat release due to gas phase combustion occurs. In this case local temperature increases due to gas phase heat release are limited by the relatively rapid rates of conduction and convection of heat into the outer boundary layer and downstream regions. It is important to note, however, that significant surface reaction was present even at low temperatures and equivalence ratios. Surface reaction was measured at temperatures as low as 470 K, the minimum surface temperature at which measurements were taken. This was apparent as an increase in. plate surface temperature due to surface energy release, as fuel was added to the flow. By decreasing the power input to the individual heating strips when surface -12-reaction was present the plate temperature could be maintained at the . desired value.
At increased temperatures and equivalence ratios a region exists where both surface reaction and boundary layer combustion occur siQultaneously. Under these conditions the location at which gas phase combustion occurs is a function of both plate surface temperature and equivalence ratio, and an increase in either surface temperature or equivalence ratio results in an upstream movement of the combustion zone toward the leading edge. At the highest temperatures and equivalence ratios combustion is apparent very near the plate leading edge and the primary heat release, or reaction; zone develops a flame-like structure characterized by a steep temperature gradient which extends well out into the free stream.
Rayleigh Scattering Study
Based on the results of the differential interferometer study a set of conditions was chosen for Rayleigh scattering measurements in ''''hich various stages of gas phase reaction were present. The set of c6nditions at which Rayleigh scattering measurements were taken is indicated in when finite rate surface reaction is included in the model (conditions 2) and 3» the predicted increase in 0T is only 30%. Surface rection is thus found to result in a substantial reduction in gas phase heat . ,ii;.
-15-release rates due to removal of H2 in the high temperature region near the plate surface and quenching of radical species generated in the gas phase. The experimental results shown in Fig. 10 for a plate temperature of 1170 K and an equivalence ratio of 0.20 indicate an increase in 0T of approximately 20% over the case of no combustion.
Thus the above models for finite rate surface reaction provide qualitative agreement with the relatively small increase in thermal boundary layer thickness due to combustion observed experimentally.
To obtain a more direct comparison between experimental results and the nur.ierical model, the calculations were repeated for conditions under which gas phase reaction was measured experimentally; an equivalence ratio of 0.2, a plate temperature of 1170 o K, and a free stream velocity of 1.5 mise Since both radical recombination and surface oxidation of H2 are likely to be important in the present system, this was chosen as the most realistic boundary condition to apply in the case of a catalytic surface. The calculated thermal boundary layer thickness is compared with the experimental results taken from Rayleigh scattering measurements in Fig. 11 .
As can be seen, the experimental results indicate slower ignition of the gas phase reactions and a lower heat release rate than predicted numerically. Since good agreement was obtained between the numerical and experimental results with no combustion present, the most likely cause of the observed discrepancy appears to be due to either the model employed for surface reaction or the gas phase kinetic mechanism. The reaction rate used for surface oxidation of H2 was based on surface reaction rates measured in the present system under comparable operating -16-conditions and should provide a representative rate for H2 surface oxidation [11] . Additional calculations in which this rate was increased by a factor of 10 indicate that the onset of gas phase combustion and the corresponding increase in thermal boundary layer thickness are relatively insensitive to this rate over the range considered. A factor of 10 is somewhat greater than the expected experimental error, so it does not appear that uncertainties in the H2 surface oxidation rate can account for the discrepancy. Since a reaction probability of unity for each collision of a radical species with the surface was assumed in the model for surface radical recombination, the computations have assumed the maximum possible surface quenching effect on gas phase reaction.
Based on the above discussion it appears that the high predicted heat release rates are due to uncertainties in the gas phase kinetic mechanism used. Although the best available values for gas phase kinetic rate constants from the literature were used, some uncertainty exists in each of these rates. This is particularly true of those reactions involving H02' several of which are important during both the initial radical buildup period and in the primary heat release zone. Uncertainties in the individual reaction rate constants are currently being evaluated and an analysis will be made to determine the effect of these uncertainties on the combustion process.
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CONCLUSIONS
A study of boundary layer combustion for lean H 2 /air mixtures flowing over a heated platinum plate indicated the presence of significant surface heat release for all equivalence ratios studied and plate surface temperatures as low as 470 o K. At increased equivalence ratios and plate teI:lperatures both surface-reaction and stable boundary layer corrrbustion were found to occur simultaneously. Boundary layer combustion was characterized by an increas~ in local gas temperature across the boundary .layer and an increase in thermal boundary layer thickness over that obtained with no combustion.
Under these conditions the location at which gas phase combustion occurred was a function of both plate surface temperature and equivalence ratio.
An increase in either surface temperature or equivalence ratio resulted in upstream movement of the combustion zone tmvard the plate leading edge where the primary reaction zone developed a flame-like structure characterized by steep temperature gradients which extended well out into the free stream.
Numerical calculations based on a model for catalytic surface reaction described in II [5] which incl~d~d finite rate surface oxidation of H2
and surface radical recombination predicted more rapid gas phase combustion than was found experimentally. An examination of the surface reaction model indicated that uncertainties in the H2 surface oxidation rate could not account for the observed discrepancy. The model used for surface radical recombination, in which a reaction probability of unity was assumed for each collision with the surface, should provide the maximum possible quenching effect on gas phase reaction. Thus it appears that the rapid gas phase combustion rate predicted numerically is due to uncertainties in the gas phase kinetic mechanism.
.-20-LIST OF FIGURE CAPTIONS Fig. 1 . Design of the quartz flat plate and the holder. "'- 
